Introduction
The simultaneous presence of piezo-electric and piezomagnetic material properties ͓1,2͔ usually lends a device some exceptional features such as converting energy from one form to the other form ͓3,4͔ and flat frequency responses ͓5͔. These types of media find such applications in smart structure sensors, actuators, magnetoelectric memory apparatus, and broadband magnetic probes. In these applications, dissimilar bimaterials or layered composites are often incorporated. Having been considered as one of the common failure modes, an interface crack/delamination could be developed in structures made of piezoelectro magneto ͑PEMO͒-elastic bimaterials, and then deteriorate the performance of the devices.
The interface crack phenomenon has been investigated for decades by many authors ͓6-13͔. Morevover, although the piezomagnetic material properties were not included, there are many studies on piezoelectric media or smart materials such as those by McMeeking ͓14͔, Kuo and Barnett ͓15͔ and Suo et al. ͓16͔ . In their studies, the singularities around the interface crack tip were found to be of the form r −͑1/2͒±i⑀ and r −͑1/2͒± , where ⑀ and are real numbers. In particular, the paper by Suo et al. ͓16͔ has investigated this type of interface crack in detail.
As addressed in the literature ͑e.g., Refs. ͓2,4,5͔͒, the simultaneous presence of the piezoelectric and piezomagnetic material properties usually have a big influence on the behavior of PEMOelastic solids or layered structures. Thus, these piezoelectromagnetic material properties would also affect the interface fracture behavior of PEMO-elastic bimedia. Several papers on the study of cracks in monolithic PEMO-elastic solids are available such as Sih and Song ͓17͔, Song and Sih ͓18͔, and Gao et al. ͓19͔ etc. But few papers can be found for the problem of the interface crack in PEMO bimaterial solids. Gao et al. ͓20͔ presented a solution for a permeable interface crack and presented the singularities of the interface crack of the form as r −͑1/2͒±i⑀ ␣ , but did not show whether ⑀ ␣ are real or complex numbers. Furthermore, another important fracture parameter, the energy release rate G, has not been addressed in the literature for the in-plane interface crack of dissimilar anisotropic PEMO-elastic bimaterial solids.
In this research, the impermeable and permeable interface cracks in dissimilar PEMO bimaterial solids are investigated by employing the Stroh's dislocation theory ͓21͔, extended to PEMO-elastic media ͑e.g., Refs. ͓1,22͔͒. The electric-magnetic field inside the crack is also considered. The Mode III interface crack solution has been analyzed in the authors' earlier work ͑Ref. ͓23͔͒, and the current paper deals with the mixed mode I and II in-plane problems.
The paper is organized as follows: In Sec. 2, the conditions to decouple the in-plane and anti-plane deformations are derived and basic equations for the in-plane deformation are presented in the form of the extended Stroh's dislocation theory. In Sec. 3, a nonhomogenous Hilbert equation is obtained in matrix notation by using the analytic continuation principle of complex analysis. Four roots ͑i.e., four eigenvalues͒ to the corresponding homogenous Hilbert equation are found and so are four eigenvectors. Four possible singularities are then found in the form of r −͑1/2͒±i⑀ 1 and r −͑1/2͒±i⑀ 2 . The bimaterial property constants ⑀ 1 and ⑀ 2 are proved to be real numbers for practical dissimilar bimaterial media. Compared with the solutions for conventional dissimilar bimaterials and piezoelectric bimaterials, two new types of singularities can be observed in this solution due to the simultaneous presence of piezoelectric and piezomagnetic material properties. Fracture parameters such as the extended stress intensity factor and the extended crack open displacement are presented in closed form for uniform applied remote loading.
The "energy method," which is based on finding the stationary point of the saddle surface of the energy release rate with respect to the electromagnetic field inside the crack ͓23͔ is employed to find the solution for the electric-magnetic fields inside the interface crack. Compact formulas for the energy release rate are derived for impermeable and permeable interface cracks. As a special solution, a crack in a monolithic anisotropic PEMO-elastic medium is also discussed by setting the upper and lower media identical. The conventional singularity of r −͑1/2͒ is found for the crack tip fields in monolithic materials. This result is in good agreement with the results in the literature ͓18͔. In Sec. 4, numerical results are presented to verify the characteristics of some bimaterial parameters and demonstrate the influence of the piezoelectromagnetic material properties on the energy release rate. The behavior of the energy release rate, G, is also studied under various loading conditions. In Sec. 5 we provide some useful conclusions.
Basic Equations
The basic equations, in extended Stroh's formalism, for PEMO-elastic material under generalized deformation are summarized in this section. The conditions to decouple the in-plane and anti-plane deformation are also discussed and some formulas are developed for the in-plane deformation.
In a fixed Cartesian coordinate system ͑x 1 , x 2 , x 3 ͒, the generalized Hooke's law for an elastic material considering both piezoelectric and piezomagnetic material properties may be written in the following form
where i , j , k , l range in ͕1,2,3͖ and the repeated indices imply summation; the comma stands for differentiation with respect to corresponding coordinate variables; ij is the elastic stress, u k the elastic displacement; c ijkl the elastic moduli tensor; D i the electric displacements; E the electrostatic potential; il the electric permittivity; B i the magnetic induction ͑magnetic fluxes͒;
H the magnetic scalar potential; il the magnetic permeability; and e ikl , ikl , and ␣ li the piezoelectric, piezomagnetic, and magnetoelectric coefficients, respectively. For the material constants, the following relationships hold
The equilibrium equations read
If one defines the extended displacements as
and, correspondingly, extends the conventional 3 ϫ 3 stress tensor to a 3ϫ 5 stress tensor
then the equilibrium equations could be rewritten as
where C iJKl are the extended material constants
and f J is the extended body force
in which, f i , f e , f m are the body force, electric charge, and magnetic charge, respectively.
Decoupling the
In-Plane and Anti-Plane Deformation. For a plane system, the extended displacement field depends on two variables, namely x 1 and x 3 ͑Fig. 1͒. Then, expanding the equilibrium Eq. ͑3͒ leads to the expressions
Rewriting Eq. ͑9͒ gives
+ ͑C 1223 + C 3221 ͒U 2,13 + C 3223 U 2,33 = f 2 , K = 1,3,4,5 ͑10͒
To decouple the anti-plane and in-plane deformation, the coef- ficients for the terms involving U 2 in Eq. ͑10͒ 1 and not involving U 2 in Eq. ͑10͒ 2 should vanish, leading to the following conditions
or, in contracted form
e 16 = e 14 = e 36 = e 34 = 0, 16 = 14 = 36 = 34 = 0 ͑12͒ Equation ͑12͒ 1 is the condition which decouples the anti-plane and in-plane deformation for an anisotropic material with no piezoelectromagnetic properties. One may call it the mechanical decoupling condition. Unlike the conventional anisotropic media, one may see that if a PEMO-elastic material only satisfies this mechanical decoupling condition, the in-plane loading may still produce an anti-plane deformation, or vice versa.
Basic Equations for
In-Plane Deformation. Since the anti-plane interface crack problem was studied by Li and Kardomateas ͓23͔, the current work focuses on the interface crack problem under in-plane deformation. The extended displacements Eq. ͑4͒ may be redefined as
A nontrivial displacement solution to Eq. ͑6͒ with the corresponding stress function k ͑k =1,2,3,4͒, in the absence of the extended body force, takes the form
where z denotes the conjugate of a complex z; p J is a complex number; a j is a column vector; and g͑z J ͒ is a function vector to be determined from the boundary conditions. The stresses can be written in term of a stress function, , as
Substitution of Eq. ͑14͒ into Eq. ͑3͒ leads to the following eigenequation
where
Specifically, when contracted notation is employed, one has 
The combination of Eqs. ͑16͒ and ͑20͒ readily leads to
where N is an 8 ϫ 8 matrix with
and the superscript T stands for the transpose of a matrix.
For the convenience of writing, we denote the extended traction vector on a surface x 3 = constant, as
Expression ͑14͒ may also be rewritten in vector form
where A = ͓a 1 , a 2 , a 3 , a 4 ͔, B = ͓b 1 , b 2 , b 3 , b 4 ͔, and p J ͑J =1,2,3,4͒; these satisfy the orthogonality relations ͓25͔ after being properly normalized
Here, three useful matrices may be defined as
where I = diag͓1,1,1,1͔ is the unit matrix. One can see from Eq. ͑24͒ that H and L are real and symmetric, whereas S and SL −1 are real and anti-symmetric. Moreover, the following relations can be verified.
which tells that M is Hermitian. The M matrix may be partitioned as
and M 11 is positive definite ͓24͔, but M 33 Ͻ 0 and M 44 Ͻ 0.
If the coordinate system ͑x 1 , x 2 , x 3 ͒ transfers to a new coordinate system ͑x 1 * , x 2 * , x 3 * ͒ by the in-plane rotation 
΅ ͑31͒
A transformation similar to Eq. ͑30͒ was also addressed in Suo et al. ͓16͔ in their fracture mechanics study of piezoelectric material.
Interface Cracks in PEMO-Elastic Bimaterial Media
3.1 Statement of the Problem. Let the medium I occupy the upper half space ͑denoted by L͒ and medium II be in the lowerhalf space ͑denoted by R͒; the interface crack is assumed to be located in the region a Ͻ x 1 Ͻ b, −ϱϽx 2 Ͻϱ of the plane
T is applied at infinity. Under applied external loading, the crack may open and be filled with vacuum or air, in which an electric-magnetic field, denoted by D 3 0 and B 3 0 , would be built up. This field is uniform if the applied loading i3 ϱ is uniform ͓23͔. By the superposition principle, this interface crack problem is equivalent to the one under the applied loading
acting on the interface crack surfaces while the loading vanishes at infinity.
Formulation of the Solution to the Interface Crack.
The procedure to derive the solution is similar to the one employed in Li and Kardomateas ͓26͔. From Eq. ͑23͒, one can have the following expressions for this bimedia
where U I , I are displacement and stress functions for z J L; and for medium II
where U II , II are displacement and stress functions for z J R. For the convenience of writing, the symbols I and II, denoting the quantities in medium L and R, respectively, may be put as superscripts or subscripts.
Making use of Eq. ͑15͒ 2 , the boundary condition for this problem can be written for the interface rack region ͑a Ͻ x 1 Ͻ b , x 3 =0͒ as
and along the interface outside the crack ͑x 1 Ͻ a and b Ͻ x 1 , x 3 =0͒
and at infinity
where the convention ͑x 1 , x 3 ͒ = ± ͑x 1 ͒ as x 3 → 0 ± for any function ͑x 1 , x 3 ͒ was used and will be employed in the following sections.
The displacement continuity along the bonded interface gives
One may define a function
which automatically satisfies the condition ͑38͒ and is analytic on the whole plane except the cut along the interface crack. Differentiation of Eq. ͑39͒ yields
The traction continuity on the bonded interface leads to
Similarly to the displacement continuity, a function which automatically satisfies the condition Eq. ͑41͒ may be defined as
which is analytical on the whole plane except the cut along the interface crack. Solving Eqs. ͑40͒ and ͑42͒ gives for z L
and for z R
In the above equations, the following matrix was used
The matrix N is Hermitian since M I and M II are Hermitian; matrix D can be easily shown to be real symmetric and W to be real anti-symmetric. Substituting Eqs. ͑43͒ and ͑44͒ into the boundary conditions Eqs. ͑35͒ 1,2 , respectively, gives
Subtraction of Eq. ͑46͒ 2 from Eq. ͑46͒ 1 yields.
which implies that ͑z͒ is continuous on the whole interface. By the analytic continuation principle ͓27͔, the function ͑z͒ is analytical on the whole plane. But according to Liouville's theorem ͓27͔, this ͑z͒ must be a constant function in the whole domain. However, the condition in Eq. ͑37͒ imposes that this function vanish at infinity. Therefore, this constant function must be 
The homogenous equation corresponding to the above general Hilbert Eq. ͑49͒ can be written as
The following function vector may be considered as possible solution to Eq. ͑50͒
which is analytic in the whole plane except the cut along ͑a , b͒ and has the property
Substitution of Eq. ͑51͒ into Eq. ͑50͒ leads to a 4 ϫ 4 eigenvalue system
Since the procedure to obtain the solution to this eigenvalue problem ͑53͒ is significant for one to understand the singularities of the fields at the interface crack tip, a detailed study of Eq. ͑53͒ is presented in Appendix A, in which four possible eigenvalues of ␦ are found as
͑54͒
It is also shown in Appendix B that the bimaterial parameters ⑀ 1 and ⑀ 2 are real numbers and the corresponding four eigenvectors, v i ͑i =1. . .4͒, are complex and satisfy the following conditions
The matrix defined as v = ͓v 1 , v 2 , v 3 , v 4 ͔ can also be written as v
Since N is a Hermitian matrix, the following identity can be readily verified
then all the ␥s are real numbers, and ␥ 1 ␥ 2 , ␥ 3 ␥ 4 , unless N is real symmetric. One can further show
and normalize v as
where ␥ 1 = ␥ 1 e −⑀ 1 and ␥ 2 = ␥ 3 e −⑀ 2 are real numbers. Therefore, the fundamental solution to the homogeneous Hilbert Eq. ͑50͒ would take the form
One may see that there are four modes of singularities for the crack tip fields and these singularities have the following form
Hence, a solution to the nonhomogeneous Hilbert Eq. ͑49͒, which vanishes at infinity, can be formulated as
It can be seen that once the applied loading is given, a specific expression to Eq. ͑62͒ would be obtained, as would the displacement and stress functions. For the applied constant loading p͑x 1 ͒ = p, a closed form solution can be found by the contour integral method ͑Appendix B͒ as
where ⌶ is defined as
Further integration of Eq. ͑63͒ leads to
where ⌸͑z͒ = diag͓z 1 ,z 2 ,z 3 ,z 4 ͔ ͑ 66͒
and the terms contributing to rigid body motion have been omitted. If we let r be the distance ahead of the crack tip, then, from expressions ͑63͒ and ͑33͒ 2 ͑or ͑34͒ 2 ͒, one can find that the crack tip fields, such as the extended stress field, can be expressed as the combination of
i.e., a combination of four different singularities in piezomagnetoelectro-elastic dissimilar bimaterials. It should be mentioned that for conventional dissimilar bimedia, only two singularities of the form r −͑1/2͒±i⑀ exist ͑⑀ is real ͓6͔͒ and for the piezoelectric dissimilar bimaterials, four possible singularities of the form r −͑1/2͒±i⑀ and r −͑1/2͒± were found ͑⑀ and are real ͓15,16͔͒. In Eq. ͑67͒, two new singularities of the form r −͑1/2͒±i⑀ 2 ͑⑀ 2 is real͒ can be observed. These new types of singularities reflect the effects from the simultaneous presence of the piezoelectric and the piezomagnetic material properties.
Interface Crack Characteristic Parameters.
With the solution to the stress functions in the foregoing section, some interesting fracture characteristic parameters such as the crack tip stress intensity factors and the extended displacements jump near the crack tip; furthermore, the energy release rate can be readily derived.
From Eqs. ͑43͒ 1 and ͑43͒ 2 , the extended traction along the interface can be expressed as
We will show that the right hand side of Eq. ͑68͒ is real as required.
Substituting the stress function Eq. ͑63͒ into Eq. ͑68͒ leads to
or, when Eqs. ͑50͒ and ͑53͒ are employed, it reads
Making use of Eqs. ͑56͒ and ͑59͒, the extended traction at a distance r ahead of the crack tip such as b ͑Fig. 1͒ can be expressed in the form
One can easily see that the right side of Eq. ͑71͒ is a real vector, an expected result. The v i T p͑i =1,3͒ are scalar ͑complex or real͒.
Therefore, the interface traction ahead of the crack tip may be expressed in the space spanned by two eigenvectors ͑v 1 , v 3 ͒ as
where K and K DB are complex numbers, defined as
͑74͒
These Ks can be called the extended stress intensity factors ͑ESIFs͒; similar notations have also been defined in the literature. One can also extend the conventional crack open displacement ͑COD͒ to PEMO-electric materials. From Eqs. ͑33͒, ͑34͒, and ͑39͒, this extended crack open displacements ͑ECOD͒ can readily be evaluated by
Then the ECOD at a small distance r behind the tip of the interface crack reads
The ECOD can be further expressed in terms of the ESIF
a real vector, as expected. Next, the energy release rate G can be computed and it reads G = 1 2 lim
In deriving Eq. ͑78͒, the following identity was employed 
where 
͑84͒
Now, one may further express the energy release rate in more explicit forms for two types of interface cracks: the impermeable and permeable interface cracks ͓14,16͔.
1. Impermeable interface crack, for which D 3 0 = 0 and B 3 0 =0. The energy release rate reads
2. Permeable interface crack, for which the electric-magnetic field, D 3 0 and B 3 0 , inside the crack, is considered and given by Eq. ͑83͒. Substituting Eq. ͑83͒ into Eq. ͑80͒, one can obtain the energy release rate in a more explicit form as
where, det͑ ͒ is the determinant of a square matrix; matrices H ␣␤ ͑␣ , ␤ =1,2͒ are the submatrices of H obtained by striking out the ␣th column and the ␤th row, and
In Eq. ͑86͒, one may clearly see that the applied mechanical loading 13 ϱ and 33 ϱ has a coupling effect on the energy release rate.
Special Case:
A Crack in a Monolithic Piezoelectromagnetic Medium. As an illustration, this section will show that the solution to the Griffith type crack in monolithic piezomagnetoelectro-elastic solids can be conveniently obtained by setting the two media identical in the foregoing formulas of the interface crack problem. Specifically, the bimaterial matrix
Also, the N reduces to a 4 ϫ 4 positive definite matrix, i.e.
The nonhomogenous Hilbert Eq. ͑49͒ then turns to
A solution which vanishes at infinity is ͓26͔
If the applied loading is constant, then
Integrating Eq. ͑91͒, results in
where the constant contributing rigid body motion has been omitted. Let
one then may easily show that the expression Eq. ͑93͒ becomes
an interesting result that is similar in form to the conventional isotropic SIF. This result is also valid for some bimaterials with null bimaterial matrix W. Expressions ͑73͒ and ͑76͒ reduce, respectively, to. 
Equations ͑95͒ can also be directly obtained from the functions ͑91͒ and ͑92͒. Equation ͑95͒ shows that the crack tip field for the monolithic material is proportional to the inverse of the square root of r, i.e. 
͓18͔.
The energy release rate reads as
which can also be obtained by substituting Eq. ͑95͒ into Eq. ͑78͒ 1 .
Numerical Results and Discussion
The data for the piezoelectric and piezomagnetic properties of the upper and lower media of the dissimilar bimaterial systems are selected from the literature ͓4,18͔ and recorded in Table 1 . The constituents of each of the bimaterial systems are PEMO-elastic materials. Table 2 gives the results of some bimaterial parameters such as c 2 and c 4 ͓defined by Eq. ͑102͔͒, ␤ 1,2 , and ␤ 3,4 ͓defined by Eq. ͑103͔͒. One can see from these numerical results that c 2 and c 4 are larger than zero. ␤ 1,2 , ␤ 3,4 are real numbers, and so are ⑀ 1 and ⑀ 2 . These observations are in agreement with the results proved in Appendix A and show that four possible singularities of the form r −͑1/2͒±i⑀ 1 and r −͑1/2͒±i⑀ 2 with real ⑀ 1 and ⑀ 2 exist around the interface crack tip in PEMO-elastic bimaterials.
The results in Figs. 2 and 3 are used to demonstrate the influence of the bimaterial parameter c 2 on the energy release rate, G. These results show that the energy release rate increases as c 2 increases both for a permeable and an impermeable interface crack; the energy release rate of a permeable interface crack is larger than that of an impermeable interface crack if only the loading 33 ͑far field tension normal to the crack͒ is applied ͑Fig. 2͒, while the energy release rate for a permeable interface crack is the same as that for an impermeable interface when the loading is only 13 ͑far field in-plane shear, Fig. 3͒ .
The bimaterial system Medium I-Medium II ͑1͒ ͑⑀ 1 = 0.00950057, ⑀ 2 = 0.00337206͒ will be used as an example in a further study to illustrate the energy release behavior of interface cracks in PEMO-elastic bimaterial solids. Figure 4 plots the results of the energy release rate G of a permeable and an impermeable interface crack under any combination of loading 33 and 13 . It can be seen that the value of the energy release rate, G, for an interface crack, if considered as permeable, is larger than that of an interface crack if considered as impermeable, for any given pair of ͑ 33 , 13 ͒. Some details of this observation are shown in Figs. 5 and 6, where Fig. 5 is the variation of energy release rate versus the change of applied loading Fig. 6 is the variation of the energy release rate versus the change of applied loading 13 for three given values of 33 . Figure 7 shows the results of energy release rate values for an impermeable interface crack under any combined electricmagnetic loading ͑D 3 , B 3 ͒. An interesting phenomenon that can be seen here is that all the values of energy release rate G are less than or equal to zero. Negative energy release rates are physically impossible. This observation implies that a pure electric-magnetic loading ͑D 3 , B 3 ͒ would be expected to retard the propagation of an interface crack in PEMO-elastic bimaterial systems. This retardation mechanism will be more clearly seen in the following discussions. Moreover, this retardation phenomenon has also been reported in the literature for cracks in monolithic electromagnetic materials ͓17͔. Figures 8-11 , respectively, demonstrate the influence of the applied electric or magnetic field on the energy release rate G under applied mechanical tensile loading 33 . Figure 8 is the variation of G versus the applied loading 33 for two given values of D 3 applied in different directions, namely, positive direction ͑D 3 Ͼ 0͒ and negative direction ͑D 3 Ͻ 0͒ and Fig. 9 is the variation of or B 3 has an influence on the energy release rate, G. The influence of the direction of the electric or magnetic field can be viewed more clearly in Fig. 12 , which shows the variation of G versus 33 under the combined influence from a given ͑D 3 , B 3 ͒. Here, a more subtle observation needs to be pointed out. The results in Fig. 7 show that the bigger the value of pure applied D 3 or/and B 3 is, the bigger a negative value G reaches. But this does not mean that the bigger value of applied D 3 or/and B 3 always makes the energy release rate G smaller ͑than the corresponding G with a smaller value of applied D 3 or/and B 3 ͒ when a mechanical loading is present. This can be easily verified from the results in Figs. 8 and Transactions of the ASME 10. Particularly in Fig. 10 , when 33 Ͻ 2.8ϫ 10 5 , the G is bigger for B 3 = 0.25ϫ 10 −2 than for B 3 = 0.5ϫ 10 −2 . But the trend reverses when 33 Ͼ 2.8ϫ 10 5 . One can further see that the surface of G is not symmetric with respect to the plane D 3 =0 or B 3 = 0, as shown in Figs. 9 and 11. It is possible that the value of G with D 3 =0 or B 3 = 0 is smaller than the value of G with D 3 Ͼ 0 or B 3 Ͼ 0 when 33 reaches a certain value. This result can be more explicitly observed from the results in Fig. 11 . Therefore, an important conclusion which can be drawn here is that the applied D 3 and B 3 do not always contribute a negative value to the energy release rate G when an applied mechanical loading 33 is also present. This conclusion further suggests that the applied electric and magnetic loading does not always retard the propagation of an interface crack. Instead, under certain conditions of the applied mechanical loading, 33 , they may actually speed the propagation of an interface crack.
Figures 13-15 study the influence of D 3 or B 3 on the energy release rate, G, under mechanical applied shear loading 13 . Figure 13 is the variation of G versus any combination of ͑ 13 , D 3 ͒. One can see that the surface of G is symmetric both with respect to the axis 13 = 0 and the D 3 = 0. This observation indicates that the direction of D 3 has no effect on the energy release rate G if the applied loading is only 13 and B 3 = 0. This result can be easily seen from the top graphic in Fig. 14 . A similar tendency can also be found for the case when only 13 and B 3 are applied, as shown in the top graph of Fig. 15 . As a comparison, the results with 33 0 are also plotted at the bottom of Figs. 14 and 15. The results in Figs. 13-15 also show that the applied electric ͑D 3 ͒ or/and magnetic ͑B 3 ͒ field͑s͒ usually retard͑s͒ the propagation of an interface crack when the applied mechanical loading is only the shear loading 13 .
Figures 16 and 17 plot the results of the energy release rate G under both tensile and shear in-plane applied loading. Figure 16 is the G versus ͑ 33 , 13 ͒ under simultaneously given D 3 and B 3 , and Fig. 17 is a particular case for 13 = ± 3.25ϫ 10
5 . These results demonstrate that different combinations of the directions of D 3 and B 3 produce different results of the energy release rate G. For a given 33 and 13 , there exist a direction for D 3 and B 3 that makes the G maximum. One can also see that for any given D 3 and B 3 , the G is symmetric with respect to 13 . This observation, together with similar observations in Figs. 13 and 15 , show that the direction of in-plane shear loading 13 has no effect on G. Although when individually applied with 33 = 0, the direction of D 3 or B 3 does not affect the G as shown in Fig. 13, 
Conclusions
Four possible singularities of the form r −͑1/2͒±⑀ 1 and r −͑1/2͒±i⑀ 2 exist for the fields around an interface crack tip in dissimilar PEMO-elastic bimaterial media. The bimaterial parameters ⑀ 1 and ⑀ 2 are proven to be real numbers for practical materials. The electric-magnetic field inside the crack is solved by finding the stationary point of the saddle surface of the energy release rate with respect to the electromagnetic field inside the crack. The energy release rate, G, can be expressed in compact form both for impermeable and permeable interface cracks. The value of G increases as the bimaterial parameter c 2 ͑defined by Eq. ͑102͒ in Appendix B͒ increases. When the only applied mechanical loading is 13 ͑in-plane shear͒, the directions of separately applied D 3 There exist a pair of directions of D 3 and B 3 which makes the G the maximum for each given mechanical loading. Pure applied electric-magnetic loading lowers G and therefore is expected to retard the propagation of an interface crack. However, the electric-magnetic loading does not always retard the propagation of an interface crack when the mechanically applied loading includes 33 ͑tension͒. They can also foster the propagation of an interface crack if the applied mechanical loading reaches a certain value. The results or observations in this paper are still fundamental for the investigation of dissimilar piezoelectromagneto-elastic bimaterial solids. There are still more studies needed on this subject, such as in finding the criteria for the propagation of an interface crack, in understanding how the electric and magnetic fields inside an interface crack would interfere with the measured signals in broad band probes, etc. Nevertheless, the results in the current study may serve as a basis for more complex investigations. These ␤s can be verified as real numbers. Actually, for the square matrices D and W, one has ʈ͑D −1 W͒ʈ = ʈD −1 ʈ ϫ ʈWʈ, but ʈWʈ ജ 0, a property of an anti-symmetric matrix of even order, and ʈD −1 ʈ ജ 0, a result from Eq. ͑27͒ and ͑28͒. So c 4 = ʈ͑D −1 W͒ʈ ജ 0. Mathematically, ͑c 2 ͒ 2 could be less than c 4 . But for practical PEMOelastic bimaterials, if ͑c 2 ͒ 2 Ͻ c 4 , then c 2 ± ͱ ͑c 2 ͒ 2 − c 4 would be complex numbers with nonzero real and imaginary parts. Consequently, all the ␤s would be complex numbers, as would all the ⑀s. This would contradict the fact in the literature that at least two singularities should have the form of r −1/2±i⑀ with real ⑀, in the case of bimedia with no piezoelectric/piezomagnetic material properties. Hence ͑c 2 ͒ 2 ജ c 4 , as shown in Table 2 . Further, the c 2 also should not be less than zero for practical materials. If c 2 is less than zero, one could find that all the ␤s in Eq. ͑103͒ would be pure imaginary numbers. Then from Eq. ͑100͒, all the singularities would have the form r −1/2±⑀ with real ⑀. This assertion would also contradict the fact that for bimedia with no piezoelectric/ piezomagnetic material properties, at least two singularities have the form of r −1/2±i⑀ with real ⑀. Hence, c 2 ജ 0 ͑also shown in Table  2 for practical PEMO-elastic bimaterials͒. Therefore, one can conclude that the ␤ 1,2 , ␤ 3,4 are real numbers, and so are the ⑀ 1 and ⑀ 2 . One may realize that c 2 and c 4 are simultaneously equal to zero if W is null, a special case similar to the one discussed by Qu and Li ͓13͔ for conventional dissimilar anisotropic bimaterials.
Appendix B. Contour Integral for ⌽"z…Ј and ⌽"z…
The method used here can be viewed as the generalization of the technique in Muskhelishvili ͑Ref. ͓28͔ Secs. 110, 70͒, which is for a single equation. Let ␥ be a contour which includes the arc ab, and let this contour shrink into the arc ab ͑Fig. 1͒, then for the q͑x 1 ͒ constant 
